Introduction {#S0001}
============

Cerebral aneurysms are common diseases and the middle cerebral artery (MCA) is a relatively common site for intracranial cerebral aneurysms, accounting for 14.4% to 43% of all diagnosed aneurysms.[@CIT0001]--[@CIT0004] Subarachnoid hemorrhage (SAH) is one of the most dangerous complications of intracranial aneurysms rupture. Therefore, prophylactic treatment of unruptured cerebral aneurysms is necessary.[@CIT0005] However, the best therapy for unruptured intracranial aneurysms remains largely unknown.[@CIT0006] Surgical clipping is the primary treatment for aneurysms of the MCA in most centers.[@CIT0007]--[@CIT0009] In a study by Rodriquez-Hernandez et al, which included 543 patients with middle cerebral artery aneurysms (MCAAs), the authors were able to achieve a 98% aneurysm occlusion rate, meaning that the results of microsurgical clipping were highly satisfying.[@CIT0010] Furthermore, endovascular coiling has increasingly been advocated as an alternative treatment for surgical clipping in unruptured aneurysms.[@CIT0011] As documented by Mortimer et al,[@CIT0012] the feasibility of MCAA coiling as the main treatment was shown to be approximately 95.8%, demonstrating that endovascular treatment of MCAAs had an acceptable safety profile. Regarding the lack of consensus on which treatment provides sufficient safety, we conducted this meta-analysis of randomized and nonrandomized controlled trials to compare surgical clipping and endovascular coiling in terms of contemporary occlusion outcomes and complication rates in patients with unruptured intracranial aneurysms in the MCA.

Materials and Methods {#S0002}
=====================

Literature Search Strategy {#S0002-S2001}
--------------------------

The PubMed, Cochrane Library, EMBASE, and Medline electronic databases were searched to identify all the publications (RCTs and non-RCTs) that compared surgical clipping with endovascular coiling for patients with unruptured MCAAs from the inception of the electronic databases to July 2019. We used the following keywords in combination with Boolean logic: surgical clipping, endovascular coiling, middle cerebral artery, and unruptured intracranial aneurysms. In addition, the reference lists of the retrieved publications were manually checked to determine other potential qualifying trials that should be included. This process was repeated until no more articles were identified. The meta-analysis was conducted in accordance with the acknowledged the prioritized reported items for systematic review and meta-analysis (PRISMA) guidelines.[@CIT0013]

Inclusion and Exclusion Criteria {#S0002-S2002}
--------------------------------

If an article met the following PICOS criteria, it was considered eligible for incorporation into the current meta-analysis: (I) population: limited to patients with unruptured MCAAs; (II) intervention: only endovascular coiling and surgical clipping were used for treating unruptured MCAAs; (III) comparison: the outcomes about the procedure-related complications were compared; (IV) outcome measures: one or more of the following outcomes were reported: retreatment, postoperative death, postoperative complete occlusion, modified Rankin scale (mRS), Glasgow Outcome Scale (GOS), postoperative surgical complications including bleeding, infarction, and thrombus without infarction; and (V) the full-text article was published in English.

The exclusion criteria were as follows: (I) an imbalance of clinical characteristics or absence of baseline information and unclear outcome data; (II) conference or commentary articles and letters to the editor; (III) animal trials; (IV) case series, systematic reviews, and meta-analyses.

Data Extraction and Outcome Measures {#S0002-S2003}
------------------------------------

Two of the reviewers independently extracted data from the included studies. The following essential information was captured: the first author name, publication year, sample size, study design, outcomes and other relevant data, such as patient characteristics and the literature quality scores. The extracted data, including the median age and range and the size of the trial, were input into the designed standardized table. When there were differences in opinion, a third reviewer had the final decision. The outcome measurements were retreatment, postoperative death, postoperative complete occlusion, mRS or GOS. Complications included the rates of complications, bleeding, infarction, and thrombus without infarction.

Statistical Analysis {#S0002-S2004}
--------------------

STATA version 11.0 was used for statistical analyses. Heterogeneity across trials was identified using I^2^ statistics; I^2^ \> 50% was considered high heterogeneity, and a meta-analysis using a random-effect model was performed for these studies according to the Cochrane Handbook for Systematic Reviews of Interventions (version 5.1.0). Otherwise, the fixed-effect model was performed. The results of categorical outcomes (retreatment, death, postoperative completed occlusion, mRS, GOS and complications including bleeding, infarction, and thrombus without infarction) were expressed as odds ratios (ORs) or rate differences (RDs) with 95% confidence intervals (CIs). A p-value \<0.05 was regarded as statistically significant.

Results {#S0003}
=======

Search Results {#S0003-S2001}
--------------

The selection process is illustrated in [Figure 1](#F0001){ref-type="fig"}; the original database (Cochrane Library, Medline, PubMed, and EMBASE) search yielded 1367 records. Of them, 112 were excluded for various reasons (unavailable data, case reports, reviews, and irrelevant articles). The full texts of the remaining 13 articles were reviewed. We excluded 7 articles because they did not compare endovascular coiling and surgical clipping in patients with unruptured MCAAs. Finally, six studies[@CIT0007],[@CIT0014]--[@CIT0018] were included in the present meta-analysis.Figure 1Flowchart of the study selection process.

Quality Assessment and Study Characteristics {#S0003-S2002}
--------------------------------------------

The Newcastle-Ottawa Scale (NOS) was used to evaluate the quality of the included non-RCTs (nonrandomized controlled trials); the quality assessment was conducted separately by two reviewers. When there were differences of opinion, another senior author was involved until disagreements were resolved by consensus. The study scores for all articles are shown in [Table 1](#T0001){ref-type="table"}. The demographic characteristics and details concerning the types of studies included are summarized in [Table 2](#T0002){ref-type="table"}. The studies included in the meta-analysis were published from 1999 to 2016 and involved 789 patients (144 were treated with endovascular coiling, and 645 were treated with surgical clipping); the sample sizes varied from 45 to 311. The studies were from Germany, the USA, Korea, Switzerland, and the Czech Republic.Table 1Quality Assessment Scores of the Included StudiesStudy, YearDesignNewcastle-Ottawa ScaleSelectionComparabilityExposureTotal ScoresDammann et al,[@CIT0014] 2014Retrospective cohort study3216Diaz et al,[@CIT0015] 2014Retrospective cohort study3216Güresir et al,[@CIT0007] 2011Prospective cohort study2215Jang et al,[@CIT0016] 2015Retrospective cohort study2215Regli et al,[@CIT0017] 1999Prospective cohort study2226Steklacova et al,[@CIT0018] 2016Retrospective cohort study3227 Table 2Overview of Included StudiesAuthorCountryYearsEnrollmentStudy DesignParticipants (n)Age (Mean ± Standard)NOSPeriodCoilClipCoilClipScoresDammann et al[@CIT0014]Germany20142006-2010Retrospective16875453.76Diaz el al[@CIT0015]USA20142005-2010Retrospective4025NANA6Güresir et al[@CIT0007]Germany20111999-2009Prospective21108NANA5Jang et al^16^Korea20151999-2013Retrospective25286NANA5Regli et al[@CIT0017]Switzerland19991993-1997Prospective1332NANA6Steklacova et al[@CIT0018]Czech20162000-2013Retrospective29107NANA7[^1]

Outcomes of the Meta-Analysis {#S0003-S2003}
-----------------------------

### Retreatment {#S0003-S2003-S3001}

[Figure 2](#F0002){ref-type="fig"} shows the postoperative retreatment results. In two publications, 119 and 29 patients were enrolled in the surgical clipping or endovascular coiling groups, respectively. There was a highly significant difference between the clipping group and the coiling group (heterogeneity P = 0.303; I^2^ = 5.8%; OR = 104.926; 95% CI: 12.931 to 851.379; P\<0.001); the rate of retreatment in the clipping group was significantly lower than that in the endovascular treatment group.Figure 2Forest plot of odds ratio (OR) of retreatment with endovascular coiling vs. surgical clipping.

Postoperative Deaths {#S0003-S2004}
--------------------

A comparison of postoperative deaths between the two groups was conducted in four of the included studies. The results showed that there was no significant difference in deaths between patients treated with clipping and coiling (0 of 334 (0.00%) vs 1 of 79 (1.27%); heterogeneity P= 0.899; I^2^ = 0.0%; RD = 0.012, 95% CI: −0.030 to 0.055; P = 0.567; [Figure 3](#F0003){ref-type="fig"}).Figure 3Forest plot of rate difference (RD) of postoperative death with endovascular coiling vs. surgical clipping.

Postoperative Occlusion (Complete) {#S0003-S2005}
----------------------------------

The rate of postoperative complete occlusion was significantly higher in the surgical clipping group than in the endovascular coiling group (90 of 112 (80.36%) vs 40 of 56 (71.43%); heterogeneity P= 0.803; I^2^ = 0.0%; OR = 0.349, 95% CI: 0.140 to 0.872; P = 0.024; [Figure 4](#F0004){ref-type="fig"}).Figure 4Forest plot of odds ratio (OR) of postoperative completed occlusion with endovascular coiling vs. surgical clipping.

Postoperative Surgical Complications and Specific Complications {#S0003-S2006}
---------------------------------------------------------------

Five articles reported a comparison of postoperative surgical complications between the two groups. There was no heterogeneity in the statistical results of the pooled literature (I[@CIT0002] = 0.0%; P= 0.569). The results of the fixed effect model showed that the clipping group achieved a lower rate of postoperative surgical complications than the endovascular coiling group (13 of 537 (2.42%) vs 12 of 123 (9.76%); OR = 3.157; 95% CI: 1.239 to 8.048; P= 0.016; [Figure 5](#F0005){ref-type="fig"}). Besides, patients undergoing surgical clipping had a significantly lower rate of postoperative thrombus without infarction than patients undergoing coiling (2 of 240 (0.83%) vs 5 of 90 (5.56%); heterogeneity P= 0.390; I^2^ = 0.0%; OR = 4.905, 95% CI: 1.097 to 21.933; P = 0.037; [Figure 6](#F0006){ref-type="fig"}). Furthermore, no significant difference in postoperative bleed at short-term follow-up (RD =0.012, 95% CI: −0.040 to 0.063; P = 0.658), postoperative bleeding at long-term follow-up (RD =−0.002, 95% CI: −0.045 to 0.041; P = 0.927), or infraction (RD =0.020, 95% CI: −0.026 to 0.066; P = 0.401) was observed.Figure 5Forest plot of odds ratio (OR) of postoperative surgical complication with endovascular coiling vs. surgical clipping.Figure 6Forest plot of odds ratio (OR) of postoperative thrombus without infarction with endovascular coiling vs. surgical clipping.

Modified Rankin Scale (mRS) and Glasgow Outcome Scale (GOS) {#S0003-S2007}
-----------------------------------------------------------

The mRS and GOS were used in our article to estimate the independence of patients' in their daily life. During the 30 days after clipping or coiling reported in some studies, a total of 2 articles reported data on the GOS score outcome, and the results showed that GOS≥4 was significantly associated with clipping (188 of 194 (96.91%) vs 40 of 45 (88.89%); OR = 0.250; 95% CI: 0.072 to 0.867; P= 0.029; [Figure 7](#F0007){ref-type="fig"}). However, the proportion of patients with an mRS \>2 at follow-up was not significantly different between the surgical group and the endovascular group (4 of 133 (3.01%) vs 6 of 61 (9.83%); OR = 3.276; 95% CI: 0.690 to 15.555; P= 0.135; [Figure 8](#F0008){ref-type="fig"}). More details of the results are shown in [Table 3](#T0003){ref-type="table"}.Table 3Meta-Analysis ResultsOutcomeStudiesGroupsOverall EffectHeterogeneityClipCoilEffect Estimate95% CIp-ValueI^2^(%)p-ValueRetreatment211929104.92612.931--851.379**\<0.001**5.8%0.303Postoperative death4334790.012−0.030--0.0550.5670.0%0.899Postoperative bleed (short term)2133610.012−0.040--0.0630.6580.0%0.623Postoperative bleed (long term) at follow239446−0.002−0.045--0.0410.9270.0%0.934Post-operative occlusion (complete)2112560.3490.140--0.872**0.024**0.0%0.803MRS \>2 at follow2133613.2760.690--15.5550.1350.0%0.318GOS (4--5) at follow2194450.2500.072--0.867**0.029**0.0%1.000Postoperative surgical complications55371233.1571.239--8.048**0.016**0.0%0.569Postoperative Thrombus w/o Infraction3240904.9051.097--21.933**0.037**0.0%0.390Infraction3497750.020−0.026--0.0660.40127.7%0.251[^2][^3] Figure 7Forest plot of odds ratio (OR) of postoperative Glasgow Outcome Scale (GOS) with endovascular coiling vs. surgical clipping.Figure 8Forest plot of odds ratio (OR) of postoperative modified Rankin scale (mRS) with endovascular coiling vs. surgical clipping.

Discussion {#S0004}
==========

With the wide use of noninvasive imaging, an increasing number of unruptured cerebral aneurysms have been detected.[@CIT0019] The MCA is a common location and it approximately accounts for approximately 20% of cerebral aneurysms.[@CIT0020] Currently, endovascular coiling and surgical clipping have been the primary therapeutic strategies. Endovascular coiling is a minimally invasive treatment in which MCAA occlusion is completed through the blood vessel, while surgical clipping involves a craniotomy and clip placement on the lesion vessel to occlude the MCAA. The goal of therapy is 2-fold: first, the therapeutic method must attain radiographic evidence of aneurysm occlusion to prevent future rupture risk. Second, the intervention risk must be lower than the natural risk of aneurysmal rupture. Although endovascular coiling and surgical clipping have been used to prevent MCAA rupture, there is no exact evidence regarding which therapeutic strategy is better for patients with unruptured MCAAs. We compared the efficiency and safety of these two procedures, given the present conditions, to determine which treatment was better for patients with unruptured MCAAs. The clinical outcomes evaluated included efficacy (retreatment and completed occlusion) and safety outcomes (death, surgical complication, mRS, and GOS).

Gelach et al[@CIT0021] reported that the incidence of postoperative complete occlusion was 66.7% in the endovascular group, while it was significantly higher (93.6%) in the surgical clipping group. Brilstra et al[@CIT0022] also reported that surgical clipping (16/33) was associated with a higher rate of complete occlusion than endovascular coiling. (36/37, P \< 0.001). Similar to several previously published articles, our analysis found that surgical clipping could achieve a higher rate of complete occlusion compared to endovascular coiling. Besides, to evaluate and compare postoperative complications of surgical clipping versus endovascular coiling for MCAAs, several publications, including our own, have shown endovascular coiling to be related to a higher rate of complications compared to surgical clipping (OR = 3.157; 95% CI: 1.239 to 8.048; P= 0.016), which seems to stem from the rate of postoperative thrombus without infarction (OR = 4.905, 95% CI: 1.097 to 21.933; P = 0.037).

In previous publications, Dize et al[@CIT0015] reported the procedural results of 90 patients with unruptured MCAAs and found that 7 patients who received the coiling procedure required retreatment compared with 0 patients who received the clipping procedure. Furthermore, in the trial of CARAT (cerebral aneurysm rupture after treatment),[@CIT0023] the rates of retreatment were 13.3% and 2.6% in the endovascular coiling and surgical clipping groups, respectively, at the ﬁrst-year follow-up. Similar results were observed in our study, and retreatment rates in the clipping group were significantly lower than those in the coiling group (OR = 104.926; 95% CI: 12.931 to 851.379; P\<0.001). In fact, there were significant differences in the incidence rates of complete occlusion and complications between those who received endovascular treatment and those who received surgical treatment, which may have affected treatment durability. In addition, it has been documented that endovascular coiling was associated with a higher rate of thromboembolic events, with both the coil mass and catheter approaches, than surgical clipping.

The methods of functional outcome measurement were disparate for both the endovascular coiling and surgical clipping publications. Some articles reported the GOS, while others reported the mRS. To assess and compare interventional safety for endovascular coiling versus surgical clipping of unruptured MCAAs, both the GOS and mRS were evaluated in our studies. This meta-analysis demonstrated that surgical clipping was associated with a higher rate of GOS ≥ 4 than endovascular coiling. Regarding the endpoint of mRS \>2, although two publications reported this outcome, the data were pooled by a fixed effects model to demonstrate that no significant difference was found between treatment groups; however, the endovascular coiling group was associated with more than three times the number of patients with mRS\>2 compared to the surgical clipping group (9.83% VS 3.01%). Furthermore, Diaz et al[@CIT0015] retrospectively reviewed 65 patients with unruptured MCAAs and revealed that endovascular coiling was associated with a higher rate of mRS\>2 than surgical clipping (12.5% VS 0%, P\<0.01). We speculated that this may be due to the relatively small sample size of the included literature, therefore, more RCTs with long-term follow-up are necessary in the future.

Aneurysms in distal arterial segments are often not amenable to endovascular therapy, and surgical therapy may be preferred in these circumstances.[@CIT0024] Endovascular treatment is often the preferred technique for posterior circulation aneurysms, which are accessible by angiograms but are harder to access surgically.[@CIT0025] In contrast, aneurysms at the MCA bifurcation and wide-necked aneurysms are difficult to coil without complications, and surgery may be preferred for these lesions. Endovascular therapy for cerebral aneurysms is evolving; new techniques are under investigation, including stent-assisted coiling, balloon-assisted coiling, flow diverters and disruptors, and new embolic materials offer promise that aneurysms previously considered not amenable to therapy will be treatable in the future.[@CIT0026],[@CIT0027] Our research has the following limitations. First, the current study only compared perioperative clinical outcomes relevant to the safety and efficiency of the two approaches due to relatively little data on these outcomes with the same long-term follow-up period. Second, some heterogeneity was found among the included trials regarding the study protocols, patient characteristics, and definitions of clinical endpoints. Finally, the main inclusion and exclusion criteria of the trials and the characteristics of the participant were different in the included studies, potentially causing bias.

Conclusion {#S0005}
==========

Although this study has inherent limitations, surgical clipping of unruptured MCAAs resulted in significantly higher complete aneurysm occlusion and GOS≥4 rates and was associated with a lower incidence of retreatment and complication, especially for postoperative thrombus without infarction. Therefore, the effect induced by the surgical clipping of unruptured MCAAs remains superior to that induced by endovascular coiling; surgical clipping should be regarded as the first choice of treatment for unruptured MCAAs.
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[^1]: **Abbreviation:** NA, not available.

[^2]: **Note:** Bold font indicates that the p-value of a result was less than 0.05 and regarded as statistically significant.

[^3]: **Abbreviations:** MRS, modified Rankin scale; GOS, Glasgow Outcome Scale; w/o, without.
